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ABSTRACT

This report covers in detail the research work of the Solid State Division at Lincoln
Laboratory for the period I February through 30 April 1992. The topics covered are
Electrooptical Devices, Quantum Electronics, Materials Research, Submicrometer Tech-
nology, High Speed Electronics, Microelectronics, and Analog Device Technology. Funding
is provided primarily by the Air Force, with additional support provided by the Army,
DARPA, Navy, SDIO, NASA, and DOE.
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INTRODUCTION

1. ELECTROOPTICAL DEVICES

An external-modulator analog link has been demonstrated that uses a high-gain Er-doped fiber

amplifier. High signal-to-noise ratio is maintained over more than a 20-dB range of optical attenuation
between the amplifier and receiver.

Large-numerical-aperture microlenses have been fabricated by one-step ion-beam-asssisted etching

and mass transport. This new, relatively simple technique is potentially superior to the conventional ones.

Strained-layer GalnAsP quantum-well structures, suitable for laser emission at 830 nm, have been
grown by organometallic vapor phase epitaxy. X-ray and photoluminescence studies indicate that these
are of very high quality and are comparable to previously reported structures with lnGaAs quantum wells,
which were developed for laser emission at 980 nm.

The effect of ridge width and laser length on both threshold current 1,h and differential quantum

efficiency f7d of InGaAs/AIGaAs quantum-well, ridge waveguide diode lasers has been investigated. For
lasers with 500-pm-long cavities, 'th was typically in the range 6-7 mA and id was > 40% per facet for
2-3-pum-wide ridges, whereas an uncoated 2.5-pum-wide, 200-pm-long device had an lth of 4.5 mA and

an 17d of 44% per facet.

2. QUANTUM ELECTRONICS

A transversely extended, flat-flat monolithic Nd:YAG laser cavity has been pumped by a two-

dimensional diode laser array to form an array of CW microchip laser emitters with a total output power
of 9.8 W for a pump power of 38.5 W. The ensemble slope efficiency was 32%, the overall optical
efficiency was 25%, and the beams were shown to have excellent spatial-mode quality and parallelism.

Approximately 50 mW of time-averaged 1.064-prm output power has been obtained from a diode-
pumped, electrooptically Q-switched Nd:YAG microchip laser at pulse repetition rates between 5 and
500 kHz. The full width at half-maximum of the output pulses is proportional to the repetition rate,
varying from < 300 ps at low repetition rates to 15 ns at 500 kHz.

A single laser has been operated simultaneously in two orthogonally polarized modes, which allows

microwave beat generation with more stability than can be obtained with two separate free-running lasers.
The design allows electrooptic tuning of one of the laser modes and a tuning sensitivity of 4.5 MHz/V.

3. MATERIALS RESEARCH

By combining a computerized video tracking system with a procedure reported earlier for fre-

quency-domain analysis, a technique has been devised for the measurement and analysis of reflection
high-energy electron diffraction (RHEED) oscillations occurring during molecular beam epitaxy on a
rotating substrate. Previously, it has been necessary to stop substrate rotation in order to perform RHEED
oscillation analysis.
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The phosphorus vapor pressure in sealed fused silica ampoules has been measured as a function of
time and temperature by utilizing the apparatus and technique developed earlier for pressure-balanced
synthesis of lnP. It was found that because of kinetic limitations on phosphorus sublimation, condensa-

tion, and condensed-phase transformation, the phosphorus pressure during lnP synthesis is not in general
e'wua! to the equilibrium vapor pressure of amorphous red phosphorus at the reservoir temperature.

4. SUBMICROMETER TECHNOLOGY

Measurements have been made to determine the damaging effects of 193-an excimer laser radiation
on pellicles designed for use in 248-nm lithography systems. Prolonged irradiation causes gradual thin-
ning and eventual rupture of the pellicle, but our results indicate that these effects will be minimal for
several years' operation in a full-production environment.

An ionic liquid-channel field-effect transistor has been designed, fabricated, and tested. In this new

device, which functions as a monolithic chemical analyzer, current is carried in thin channels by ions of
liquid electrolyte.

5. HIGH SPEED ELECTRONICS

D- centers have been unambiguously identified in GaAs/AIGaAs quantum wells by analysis of the
dependence of the observed photoconductivity spectrum on the applied magnetic field and sample ori-
entation. Excellent agreement between theory and experiment was obtained without any adjustable pa-
rameters.

6. MICROELECTRONICS

A charge-coupled device (CCD) has been used to detect hybridization of target DNA to probe
DNA. The CCD detected beta particle emission from the radioisotope label 32p that is present at hy-

bridized sites.

7. ANALOG DEVICE TECHNOLOGY

A multilayer microstrip antenna array has been fabricated with a high-T superconducting feed
network as the lower layer in the structure. The superconductive array operated at 12 GHz with an 8%

bandwidth and a gain of 15 dBi.
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1. ELECTROOPTICAL DEVICES

1.1 EXTERNAL-MODULATOR ANALOG LINK WITH OPTICAL AMPLIFIER

External-modulator analog fiber-optic links [I] have been widely investigated for applications such
as radar and CATV signal distribution. The advent of high-gain optical amplifiers offers the prospect of
greatly improved link performance along with expanded design flexibility. Recently, we have examined
analog links both theoretically and experimentally using an interferometric external modulator and an
erbium-doped fiber amplifier. Unlike the case for conventional exiurnal-modulator links without an
amplifier, biasing the modulator near the transmission null puint in amplified links provides substantial
performance advantages. External-modulator links using diode laser sources and high-gain amplifiers can
provide a high signal-to-noise ratio (SNR) that remains constant over a wide range of insertion loss
between the amplifier and receiver.

The generic link design considered here, shown in Figure 1-1, comprises a transmitter consisting
of a CW optical source, an external interferometric intensity modulator, and an optical amplifier of gain
G, followed by an optical path of transmission T, and an optical receiver. In conventional links, the
modulator bias point 0B is set at 900, the half-power point, to maximize the linear response and eliminate
even-order nonlinearities. However, operating at the half-power point in amplified links can lead to
optical amplifier saturation at moderate values of gain, which could limit overall link performance. This
is particularly true for amplifiers placed near the transmitter. Operating closer to the transmission null
point, 0B = 1800, allows the use of high-gain amplifiers and results in improved system dynamic range
and noise figure, particularly for suboctave links where second-harmonic distortion is not an issue.
(Setting 0B exactly at 1800 would eliminate the linear response.) Near the transmission null point, the ratio
of modulated optical power to average power is greatly increased for a given modulator drive power.
Also, for an interferometric modulator, relative third-order nonlinearities are independent of the bias
point.
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Figure i-1. Schematic layout of external-modulator analog link with optical amplifier.

It is useful to focus on the SNR as a link figure of merit. Given the SNR for a known modulator
drive power, the link noise figure and the intermodulation-free dynamic range are readily determined. For
an amplified link, the highest SNR is obtained in the limit where signal-spontaneous beat noise domi-



nates. This SNR limit is independent of G and T and is therefore of particular interest for systems with

small T, such as multipoint links with high fan-out loss, which would otherwise be dominated by receiver

thermal noise. A similar result is obtained for operation in the limit where relative intensity noise (RIN)

dominates.

For both amplified and nonamplified experimental links, the transmitter consisted of a CW 1546-nm

wavelength distributed-feedback laser and a LiNbO 3 interferometric modulator. The modulator was

driven by a -50-dBm signal at 20 MHz with 0B set at 1400 and 90' for the amplified and nonamplified

links, respectively. In the amplified link, the modulator output was connected to an erbium-doped fiber

amplifier [21, which was pumped from the input end by 22 mW of power from a pair of 980-nm diode

lasers. Small-signal amplifier gain and the -3-dB gain compression point were determined to be 26 dB

and 3.6 dBm, respectively. A tunable optical filter was placed after the amplifier to minimize the effect

of amplified spontaneous emission. For both links, measurements of SNR were performed as a function

of the optical transmission T, which was set by adjusting an optical attenuator in front of the photode-

tector. The results are shown in Figure 1-2. The amplified link noise for the lower loss values is domi-

nated by beat noise and RIN. In this regime the SNR is independent of T as expected. For T= -12 dB,

the SNR is about 52 dB. At higher loss values the thermal noise becomes significant and the SNR

declines. Without an amplifier the SNR is dominated by thermal noise over most of the indicated range

of T. The RIN becomes significant only for the lowest-loss links.
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Figure 1-2. Plot of link SNR vs optical transmission T. For the link with an amplifier, T is the transmission between

the amplifier output and the receiver. For the link without an amplifier. T represents the transmission between the
modulator output and the receiver.
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The results indicate that high SNR can be maintained in amplified links over more than a 20-dB
range of optical attenuation between the amplifier and receiver. Most important, this is obtained using

only a diode laser source. Further improvement is expected with reduced laser noise and increased
transmitter power.

L. M. Johnson

B. R. Hemenway
H. V. Roussell

1.2 LARGE-NUMERICAL-APERTURE MICROLENSES FABRICATED BY ONE-STEP

ION-BEAM ETCHING AND MASS-TRANSPORT SMOOTHING

Semiconductor microlenses fabricated by mesa etching and mass-transport smoothing have high
indices and accurate profiles and are potentially well suited for )-- numerical-aperture microoptical

applications and monolithic optoelectronic integration [3]. Hov 'vcr, thL; repeated lithography and etching
needed for the multilevel mesa structure can becc,.ic time-consuming. In this work, we describe a new

technique in which only a single deep etch is required.

As illustrated in Figure 1-3, the lateral mass distiIub, ton ne, -led for the lens profile is accurately
provided by the variation of the mesa width. Such a structure has been realized by ion-beam-assisted

etching, which is capable of forming deep grooves of high aspect ratio regardless of the crystallographic
orientation [4]. Figure 1-4(a) shows a scanning electron microscope (SEM) photograph of an etched
structure in a GaP substrate. It has an overall diameter of 126 pm and a height of 8.6 pm and is designed

for an f/I spherical lens.
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Figure 1-3. Present technique of microlens fabrication by one-step ion-beam etching and mass-transport

smoothing.
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Figure 1-4. Scanning electron micrograph perspective views of(a) a mesa structure produced by ion-beam-assisted

etching and (b) a microlens formed after mass-transport smoothing.

Mass transport was carried out in a furnace system with H, and PH3 flow. The etched wafer was

sandwiched between a pair of SiO2-coated GaP protecting wafers and placed in a quartz container. (The
graphite container employed previously [51 became porous and embrittled, especially for the temperature
range used in the present work.) Lower temperatures of 900-950'C were first used for - 200 h to partially
smooth the deeply etched structure at a moderate rate. Higher temperatures up to 1130'C were then used
for - 60 h to complete the smoothing.

The microlens formed after mass transport is shown in Figure 1-4(b), and a stylus surface profile
of the same lens is depicted in Figure 1-5. This measured profile is indeed very close to a spherical one,
as designed. Figures 1-6(a) and 1-6(b) show optical micrographs of the etched mesa and the microlens
formed. Sharp images have been obtained from the lens both by using reflected [Figure 1-6(c)] and
transmitted light (the technique for image formation is described in [31). This result agrees with the
accurate lens profile in Figure 1-5 and. further, demonstrates good optical quality. However, a small
deviation from the exact circular symmetry can be detected by a close examination of Figure 1-6(b). This
deviation is due to the strong crystallographic orientational dependence in the initial stage of mass
transport and can probably be minimized by improved mesa patterns and mass-transport conditions.
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Figure 1-5. Stylus surface profile of the fabricated microlens (solid curve) compared with a calculated spherical
profile (dots).

203691-6

AS ETCHED MASS-TRANSPORTED IMAGE FORMED

MESA HEIGHT = 8.6 pm I • -141 pm - l

(a) (b) (c)

Figure 1-6. Optical micrographs of (a) an etched mesa structure. (b) a microlens formed after mass transpoi i, and
(c) an image formed by the microlens surface. The vertical striations in (b) are the partially/ focused inage of the
tungsten filament in the microscope light source.

The lens accuracy also depends strongly on the lithographic mask, in which feature sizes on the
order of 1 pm are needed for f/I lenses. Although such mask patterns have been rather accurately pro-
duced by electron-beam lithography, small deviations can be introduced by the pattern effect in the
electron-beam exposures. This problem can be corrected by design iterations. On the other hand. a
constant universal error in all mesa widths across the entire structure (introduced by subsequent litho-
graphic inaccuracies or erosion of the SiO 2 mask during the ion-beam etching) will only lead to an overall
vertical shift of the entire lens profile and a resulting distortion near the lens perimeter [61. Another major
factor affecting the lens precision is the etched depth, which was not completely reproducible in the
present experiment. Correction etches were needed in achieving a precision depth.
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In conclusion, fabrication of large-numerical-aperture microlenses by one-step etching and mass
transport has been demonstrated. This technique is potentially very simple and highly accurate. Addi-
tional work is needed for more detailed evaluation of the method, and for its further improvement and
development for other advanced microoptical structures.

Z. L. Liau
D. E. Mull
C. L. Dennis

1.3 GalnAsP STRAINED LAYERS FOR GaAs-BASED DIODE LASERS

The Ga.In 1 AsyP1 y alloys with x and y paired to obtain lattice matching to GaAs (referred to as
GaInAsP/GaAs) offer an interesting alternative to the AIGaAs alloys for device applications. We have
developed the organometallic vapor phase epitaxial (OMVPE) growth of these materials and applied it
to structures for diode lasers. Previously, two types of single-quantum-well (SQW) separate-confinement
heterostructure (SCH) lasers operating at the 980-nm wavelength were demonstrated. Both had an
In 0.2Gao.BAs strained-layer SQW and Ga 0.5In 0.5P (GaInP) cladding layers, but the optical confinement
layers differed. In the first case, GaAs (ER = 1.4 eV) was used, primarily for simplicity of crystal growth,
and diode lasers with very low threshold current densities, Jth < 100 A/cm 2, were obtained [7]. In the
second structure, a higher-bandgap optical-confinement material was grown using a lattice-matched
GaInAsP alloy (Eg = 1.7 eV), and differential quantum efficiencies greater than 93%, which are among
the highest measured for any diode lasers, were achieved [8].

Here, we present a further advance in the development of the GaInAsP/GaAs materials with the
first reported strained-GaInAsP quantum wells. A schematic cross section of the strained SQW SCH used
is shown in Figure 1-7. It differs from an actual diode laser structure for emission at 830 nm in that the
GaInP cladding layers are nonintentionally doped and are about half the thickness. Also, a top GaAs
contact layer is omitted. The alloy composition of the strained-layer quantum well, with x = 0.6 and
y = 0.4 estimated from a quaternary interpolation scheme [9], has been chosen to give 830-nm emission
and the same biaxial compression (- 1.4%) as the In0 2Ga0.8 As alloy for the 980-nm lasers. With minor
alloy changes, operation at 808 nm to pump Nd:YAG solid state lasers should be obtainable.

In previous work on strained layers, compressive strain has been introduced into binary or ternary
materials by adding excess indium. Group III elements such as indium are relatively easy to control
because their atomic fractions in the solid are about the same as their precursor volume fractions in the
vapor. Here, however, the most tractable approach for the introduction of compressive strain is to modify
a lattice-matched GalnAsP alloy by increasing the As fraction. This presents some challenge because the
group V vapor-to-solid incorporation ratio is quite different from unity and it varies rapidly with com-
position.
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Figure 1-7. Undoped separate-confinement heterostructure with strained GaInAsP quantum well.

A second difficulty occurs with the strain (and composition) determination. X-ray diffraction is
normally used to measure strain and deduce the composition of nearly lattice-matched alloys. Yet, the

detectable single-layer thickness for that technique (- 100 nm) is much larger than the critical thickness
for the onset of lattice relaxation (< 20 nm) in these strained layers.

We have adopted a two-step procedure to deal with these problems and to converge upon a

composition that gives the desired strain and photon energy. To establish the strain, or biaxial compres-

sion, a structure has been synthesized by periodically growing the thin strained layer between thick

(- 50 nm) GaAs spacer layers until there is a sufficient total strained-alloy thickness to be detected by
x-ray diffraction. A double-crystal rocking curve for such a structure with eight periods is shown in

Figure 1-8. As described previously [10], accurate determination of InGaAs strained-layer compositions
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Figure 1-8. Rocking curve of eight-period structure with Ga/ln,_ AsyP,_Y strained layer and 590-nm GaAs spacer
layer. The lower curve, shifted downward by an order of magnitude for visualization purposes, is a simulated
rocking curve for x = 0.60 and y = 0.44, a 9.8-nm strained-layer thickness, and a 59-nm GaAs thickness. The
reflection is (004) with Cu K. radiation, and the diffraction angle origin is taken at the Bragg angle for GaAs.

were made by comparing measured and simulated rocking curves of the type shown in Figure 1-8. With
the quaternary materials, establishing a composition is less certain. However, the amount of strain is
accurately determined by the fitting process, and this is actually the quantity needed to progress toward
growth of the desired device structure.

In the second step of the iterative process, the emission wavelength has been established by incor-
porating the strained GaInAsP into the structure of Figure 1-7 and measuring the photoluminescence
(PL). The PL data from a sample with the desired strain and emission are shown in Figure 1-9. The peak
at 1.88 eV is due to the GaInP cladding, the one at 1.74 eV is due to the optical confinement alloy, and
the one of high intensity at 1.495 eV (829 nm) is due to the GaInAsP quantum well.

The x-ray and PL data suggest that the structures grown with the strained-GaInAsP layers are of
high crystalline quality. In the x-ray case, as shown in Figure 1-8, there is close agreement between the
experimental rocking curve and the simulated rocking curve for an ideal structure. For the PL, the
intensities of the peaks compare very favorably with those from structures that preceded the 980-nm
diode lasers.
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Figure 1-9. Room-temperature photoluminescence from the structure of Figure 1-7. Excitation is at 514 nm, and

a photomultiplier with S-/ response is used for detection.

Doped structures have been grown for diode lasers and are presently being processed for broad-area
characterization.

S. H. Groves
A. Napoleone
D. R. Calawa

1.4 RIDGE WAVEGUIDE LASERS FOR HIGH-SPEED FREE-SPACE OPTICAL
INTERCONNECTIONS

Free-space optical interconnections are of interest as a high-speed replacement for electrical inter-
connections in digital computers [I I],12]. Short-distance parallel point-to-point interconnections used as
high-density connections between boards require an array of diode lasers or modulators that can be
focused onto an array of detectors. Efficient low-threshold lasers that can be directly driven by digital
logic simplify the optical interconnections. The sources used in optical interconnection systems should
have long operational lifetime, narrow beam divergence, and the capability to operate over a large
temperature range in order to eliminate the need for thermoelectric coolers. Strained-layer InGaAs lasers
have a To of about 180 K, and their power output is less sensitive to temperature variations than that of
either GaAs or long-wavelength InP-based lasers. InGaAs/AIGaAs ridge waveguide diode lasers have
been described previously [13]. This report details the developments and improvements in these lasers
and their threshold and efficiency performance characteristics.
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Initial ridge waveguide lasers were fabricated in lnGaAs/AlGaAs material with a graded-index SCH
double-quantum-well (DQW) structure with an InGaAs quantum-well active region that was grown on n-+
GaAs by OMVPE [14]. A cross section of the ridge waveguide structure is shown in Figure 1-10. This
particular DQW structure has a divergence angle of 400 full width at half-maximum (FWHM) based on
pulsed measurements of broad-area lasers. The ridge is fabricated using a photolithographic liftoff process
to pattern a 100-nm-thick Ni stripe mask on the wafer, and ion-beam-assisted etching to achieve straight
sidewalls and maintain a depth uniformity of < 3% across a wafer. An SiO2 insulating layer is pyrolytically
deposited, and a contact window is opened on the ridge by standard photolithographic techniques. A pat-
terned Ti/Pt/Au contact is applied by sputtering and liftoff. This metallization serves as the p contact and
bonding pad for the device. After thinning the wafer to a thickness of 75 pm, n-type contact metals (Ge/Au/
Ni/Au) are evaporated on the back side and alloyed at 420'C. Laser bars containing 40-50 lasers each were
cleaved into several lengths in the range 200-500 pm. Lasers with nominal ridge widths that vary from 2
to 5.5 pm in 0.5-prm increments were initially fabricated to determine the effect of ridge width.

Figure I - I shows plots of threshold current 'th and differential quantum efficiency 17d as a function
of nominal ridge width from two 500-pm-long laser bars. The data were obtained from light output vs

7DW69-to

S~~~Ti/Pt/Au •39-t
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03 
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0.1 pm AIxGal.xAs (x = 0.1 to 0.2) 5 nm In0 2Ga 0 18As

• i• 8 nm GaAs
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\ 8 nm GaAs

1.35 pm n-Al0 .4 Ga 0 .6As
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Figure 1-10. Cross-sectional schematic diagram of InGaAs/AIGaAs ridge waveguide laser structure showing the
double-quantum-well active region.

10



pulsed current measurements (300-ns pulses at I kHz). Although the data show considerable scatter for
the narrower ridge devices, the threshold current generally increases with increasing ridge width. TheIth
for these uncoated 500-pm lasers was typically below 10 mA for all ridge widths. Only one laser (a 5-pm-
wide ridge laser not plotted) out of the 70 on the two bars had 1th > 15 mA. The lowest Ith 5.3 mA, was
obtained on a laser with a 2.5-pm-wide ridge. The 'Id averaged about 40% per facet for all ridge widths.
Far-field data obtained from this wafer indicate a beam divergence between 140 and 18' FWHM for all
ridge widths. Lowest-order lateral mode operation was observed for all lasers with nominal ridge widths
< 4.5 pm, while a higher-order mode was observed at 5 and 5.5 pm.
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Figure 1-11. Plots of (a) pulsed threshold current and (b) differential quantum efficiency, both as a function of
nominal ridge width for two 500-pm-long, uncoated ridge waveguide laser bars.
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Figure 1-12. Plots of (a) average pulsed threshold current and (b) average differential quantum efficiency, both
as a function of nominal ridge width for 200-, 250-, 350-, and 500-pm-long, uncoated ridge waveguide laser bars.
The data for the 500-ymi-long laser bar represent an average of all devices from the better bar (1) in Fig-
ure 1-1).
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Figure 1-13. Output power per facet vs pulse input current for a 2.5-awn-wide, 200-pm-long uncoated ridge
waveguide laser.

Cleaved bars with lengths of 200, 250, and 350 pm were also tested. A summary of the data is
plotted in Figure 1-12, where each point represents an average value of 'th or rId for all lasers having that

particular ridge width (typically four or eight of each size). The shorter, narrower devices generally had
the lowest threshold currents. The 250- and 350-/pm devices routinely exhibited threshold currents _ 5 mA
for the 2- and 2.5-pm ridge widths. The average Td per facet lies between 35 and 45% for all lasers. The
output power vs current characteristic for a 2.5-pim-wide laser is shown in Figure 1-13. For this uncoated
laser, 'th is 4.5 mA and 7d is 44% per facet. Arrays of 2-pim-wide ridge lasers with high reflectivity coatings

on one facet are in process.

J. D. Woodhouse 1. P. Donnelly

D. Z. Tsang R. J. Bailey

C. A. Wang K. Rauschenbach
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2. QUANTUM ELECTRONICS

2.1 DIODE-PUMPED MICROCHIP LASERS ELECTROOPTICALLY Q SWITCHED

AT HIGH PULSE REPETITION RATES

Using a diode-pumped, electrooptically Q-switched Nd:YAG microchip laser, we have obtained
what we believe to be the shortest Q-switched pulses ever obtained from a laser, the highest rate of
repetitive Q switching from any laser with the exception of semiconductor diode lasers, and the highest
peak power from a laser pumped by a single diode. In addition, the output of the Q-switched microchip
laser is single-frequency, single-polarization, and near diffraction limited.

The Q-switched microchip laser discussed here consists of a 532-pm-long piece of 1.8-wt% Nd:YAG
bonded to a 904-pm-long piece of LiTaO 3 [I1. Both materials were polished flat and parallel on the two
faces normal to the optic axis. The unbonded pump-side face of the Nd:YAG was dielectrically coated

to both transmit the pump light and be highly reflective at the oscillating wavelength (1.064 pm). A partially
transmitting mirror between the two materials had a reflectivity of 95% at 1.064 pm and reflected the
pump light, to allow double-pass absorption of the pump. The opposite face of the LiTaO 3 was coated
for 50% reflectivity at 1.064 pm. The LiTaO 3 was oriented with its c-axis orthogonal to the cavity axis.
Electrodes were deposited on the two faces -f the LiTaO 3 normal to the c-axis, with an electrode spacing
of - 1 mm.

In these experiments, the electrooptically Q-switched microchip laser was pumped with a butt-
coupled, 500-mW, 808-nm diode laser. The pump absorption efficiency of the device was - 31%.
Q switching was performed by applying a high-voltage pulse (200-800 V) of 100-ns duration to the
LiTaO 3 at repetition rates up to 500 kHz. (The highest pulse repetition rate, 500 kHz, was limited by the
high-voltage electronics used.) At each pulse repetition rate, the magnitude of the high-voltage pulse, the

dc bias applied to the LiTaO 3, and the temperature of the device were chosen to minimize the duration
of the output pulse.

During Q-switched operation, the output of the microchip laser maintained its single-frequency,
single-polarization, near-diffraction-limited performance [2]. The pulse width (full width at half-maxi-

mum) increased from < 300 ps at 5 kHz to 13 ns at 500 kHz, as shown in Figure 2- I. For pulse repetition
rates below 5 kHz, the pulse width was nearly independent of repetition rate. At these low repetition rates,
the spontaneous relaxation time limits the effective pump period and therefore the inversion density,
which determines the pulse width 13]. Above 5 kHz the pulse width was nearly proportional to the pulse

repetition rate and was in excellent agreement with theory [3].

The time-averaged output power from the microchip laser was between 50 and 57 mW for pulse
repetition rates between 10 and 500 kHz, and was relatively independent of the repetition rate. At 5 kHz

and below, the time-averaged output power of the microchip laser decreased in a manner consistent with
the spontaneous relaxation time. At low repetition ra~cs, the pulse energy of the Q-switched microchip

laser reached several microjoules, and the peak pulse power reached tens of kilowatts. The pulse-to-pulse
amplitude jitter was < 0.5%, the resolution of our instruments. The timing jitter between the input
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Figure 2-1. Full width at half-maximum of the output pulses obtained from a 1.064-pra, diode-pumped, electrooptically
Q-switched Nd: YAG maicrochip laser as a function of pulse repetition rate.

electrical trigger and the output optical pulse, < 0.5 ns, was a result of the intermediate electronics. Table
2-1 summarizes the pulse characteristics.

The high peak power of the output of the Q-switched microchip laser at low repetition rates allows
for efficient frequency doubling to obtain single-frequency green pulses. By simply, placing a properly

oriented, 7-ram-long crystal of KTP - 3 mm from the output facet of the Q-switched microchip laser (with
no intervening optics), we were able to obtain 15% doubling efficiency at a pulse repetition rate of

25 kHz.

In a demonstration of another potential application of Q-switched microchip lasers, we used one
to cut 6-ptm-wide lines in 30-nm-thick layers of platinum-gold on glass substrates. At a pulse repetition
rate of 100 kHz, individual Q-switched pulses deposited sufficient thermal energy to ablate a 6-/um-diam
hole in the metallization.

The geometry of electroopticalty Q-switched microchip lasers allows them to be inexpensively
produced as individual devices or in one- and two-dimensional arrays. The complete device fits into a
package approximately the size of a conventional diode laser package. Potential applications of the device
include LIDAR, nonlinear frequency generation, and laser cutting.

J. J. Zayhowski C. C. Cook

C. D. Dill III T. C. Hotaling
J. L. Daneu
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TABLE 2-1

Characteristics of the Output Pulses from a 1.064-urm, Diode-Pumped,
Electrooptically Q-Switched Nd:YAG Microchip Laser

Time-Averaged
Pulse Rate Pulse Width* Power Pulse Energyt Peak Power*

(kHz) (ns) (mW) (0J) (W)

5 0.27 34 6.80 25185

10 0.43 50 5.00 11 627

30 0.91 53 1.77 1941

75 2.0 55 0.73 367

150 4.1 57 0.38 93

500 13.3 50 0.10 7.5

CW 55

Pulse width measurements (full width at half-maximum) at 5, 10, and 30 kHz were obtained
by deconvolving the measured 420-ps impulse response of the detector-oscilloscope system
from the observed 500-, 600-, and 1000-ps oscilloscope traces, respectively.

tPulse energy was calculated from the pulse repetition rate and time-averaged power.
t Peak power was calculated from the pulse energy and pulse width.

2.2 HIGH-POWER, CONTINUOUS-WAVE MICROCHIP LASER ARRAY

Microchip lasers consist of monolithic flat-flat cavities formed by a short length of gain material
with dielectric cavity mirrors deposited directly on the surfaces [2],[41,[5]. These lasers have been dem-

onstrated with good efficiency and single-frequency operation in various ion:host combinations [21,[61,171.
Q-switched operation has also been demonstrated 181. It is possible to fabricate a thin, large-area, flat-flat

resonator structure and to pump with a two-dimensional diode laser array so that a corresponding array
of solid-state microchip emitters is formed. The output beams of such a laser array will be parallel and
will overlap in the far field, with a divergence equal to that of a single element. Microchip laser arrays
thus offer the ability to scale the output power significantly while maintaining many of the properties of
the single device. In addition, such arrays have the potential to be robust, compact, and manufacturable
devices.

To achieve high-power, CW operation, we employed a commercial two-dimensional diode laser
pump array, comprising five laser bars with twelve 200-pm-wide stripes on 800-prm centeis, each bar
nominally capable of emitting 10 W CW and having a standard deviation of wavelength of 0.84 nm. The
bars are stacked with a 2-mm pitch and are fitted with cylindrical microlenses to collimate their emission.
The principal function of the lenslets is to concentrate the pump light so as to establish adequate local
heating to preserve the index profile required for stable-mode operation under CW conditions. A
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12 X 12 x 2-mm, 1.1% Nd:YAG microchip slab is bonded to a 15 X 15 X 2-mm sapphire heatsink,
as shown in Figure 2-2. The geometry of the sapphire heatsink was chosen to promote longitudinal heat
flow, and to minimize large-scale transverse thermal gradients and edge eftects that tend to destabilize
and smear out the microchip element spatial modes. The pump-side surface of the microchip slab is
coated with a high-reflectivity dielectric stack for 1.064 pm that is highly transmitting (> 90%) for the
809-nm pump light. The back surface of the microchip has a reflectivity of 98% at 1.064 pm and is highly
reflective for the pump light as well, resulting in a double pass of the pump for greater efficiency. The
pump-side surface of the sapphire is uncoated, and the back surface is antireflection coated for 1.064 pm.
There is no need to register the microchip slab to the diode array. The positions of the lasing modes are
self-aligning, so it is possible to translate the slab in the transverse plane without measurable effect on
either the output power or beam quality.

203691 15
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COPPER HEATSINK 0
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DIODES 
Nd:YAG MICROCHIP SLAB 0

Figure 2-2. Schematic diagram of the experimental setup. The Nd: YAG microchip slab is bonded to the sapphire
heatsink, which in turn is heatsunk by the water-cooled copper collar at the output end. This arrangement minimizes
transverse thermal gradients and edge effects in the Nd:YAG slab.

The output power of the solid-state microchip laser array as a function of incident pump power is
shown in Figure 2-3. All measurements were taken using a thermopile power meter. For each setting of
the diode array injection current the temperature of the diode pump array was adjusted so as to keep the
pump wavelength near its optimum of - 809 nm. The observed average slope efficiency of the ensemble
was 32.5%. The highest measured power from the microchip array was 9.8 W with a pump power of
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38.5 W and a diode array current of 14.4 A. The efficiency is limited by the wavelength nonuniformity
of the pump array, which reduces the absorbed power, and by the power nonuniformity, which causes

some of the microchip lasers to operate near threshold where they are less efficient. Individual microchip
lasers, whose pump wavelengths have been optimally tuned, have demonstrated optical efficiencies of

40%. We expect that with a full operational I-cm 2 diode pump array (60 diode elements and a total CW
power of 48 W at 809 nm) the microchip array should produce more than 20 W.
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Figure 2-3. Output power from the Nd: YAG laser array as a function of inwident pump power. Diode laser
temperature is varied to maximize Nd: YAG laser output.

The ensemble far-field divergence of the microchip array has been compared to the calculated
divergence from a single element and has been found to be nearly diffraction limited. This result indicates
not only that the beam quality of the individual elements is good, but that the parallelism of the beams
must be much less than the diffraction-limited divergence of a single-element beam.

C. D. Nabors
A. Sanchez-Rubio
A. Mooradian
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2.3 FREQUENCY-MODULATED MICROWAVE SOURCE USING BEATS BETWEEN
ORTHOGONAL MODES OF A SINGLE LASER

Microwave radiation can be generated with lasers at frequencies limited by the bandwidth of the
photodetector. Recent progress in photodetectors has extended bandwidths to 60 GHz in commercial
products and to 375 GHz in research devices 191, suggesting that laser driven sources of millimeter and
submillimeter waves will be possible in the near future. Limitations of current solid state laser microwave

sources include the need for two lasers and the inability to modulate the microwave frequency beyond
tens of kilohertz. Here, we describe a new technique that generates frequency-modulated microwaves
using a single laser.

When a single laser generates two optical frequencies, small length changes of the cavity (e.g.,
small mirror motions resulting from vibration) pull both optical frequencies in the same direction.
Because of this, the microwave frequency generated in a photomixer from a two-frequency laser is much
more stable than that from two single-frequency lasers. For example, typical frequency jitter of a free-
running laser is I MHz, which causes 1.4-MHz frequency jitter in the microwave if two independent
lasers are used. With a single laser generating both frequencies, a 30-GHz microwave source with

- 100-Hz frequency stability is possible in free-running operation.

A schematic of the laser setup is shown in Figure 2-4(a). A 0.5-W AIGaAs diode laser at 808 nm
pumps the Nd:YAG laser and is isolated from it by a linear polarizer and quarter-wave plate. The dichroic
mirror of 50-cm radius of curvature transmits 808 nm but is highly reflecting at 1064 nm. The 3-mm-
long Nd:YAG crystal is placed near the center of the laser cavity so that spatial hole burning will tend

to make two adjacent longitudinal modes operate. The 3-mm-long LiTaO 3 crystal has gold electrodes on
the two faces whose normal is along the optic axis of the crystal (Z axis) and between which a microwave
signal is applied, antireflection coatings on the two faces whose normal is along the direction of optical
propagation (X axis), and acoustic damping on the four faces whose normals are along the Y and Z axes.
The end mirror has a 5-cm radius of curvature and 95% reflectivity at 1064 nm. Proper orientation of
the birefringent LiTaO 3 allows the two orthogonal polarizations to overlap in the cavity and have equal
round-trip losses.

In order-to tune the microwave frequency, it is necessary that the change in optical cavity length
be different for the two polarizations. Figure 2-4(b) shows the optical frequencies emitted from the diode-
pumped Nd:YAG laser as measured with a scanning Fabry-Perot spectrum analyzer. The anisotropy of
LiTaO3 causes the frequency of the vertically polarized light to be sensitive to voltage, while the fre-

quency of the horizontally polarized light is insensitive to voltage. The spectrum of the vertically polar-
ized light shifts by - 2 GHz when 400 V is applied. The spectrum of the horizontally polarized light does

not shift noticeably on this frequency scale. The voltage tuning of the microwave frequency over nearly
an octave is shown in Figure 2-5.

Using stress applied to a monolithic Nd:YAG laser, Owyoung and Esherick [10] tuned a two-
frequency laser over a few gigahertz with a short-term (- I ms) stability of 30 kHz. Several problems
were apparent: (I) instabilities caused the relaxation oscillation sidebands to be down by only 10 dB from

the heterodyne signal, (2) the microwave frequency tuning speed was limited by the stress tuning tech-
nique, and (3) sometimes the two-frequency laser would lase on modes separated by several angstroms
(- I THz).
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Figure 2-4. (a) Schematic of the laser-generated frequency-modulated microwave source. A single Nd: YAG laser
is operated simultaneously in two polarizations. To generate microwaves, the output is passed through a polarizer
oriented at 450 so that the difference frequency can be generated in a fast photomixer. (b) Fabry-Perot spectra of
the laser output in vertical and horizontal polarizations. The top two spectra show that the laser has predominantly
one vertically polarized mode but with two other weaker modes also apparent; the frequency shifts at
- 5 MHz/V. The bottom spectrum shows that the laser operates in only one mode of horizontal polarization; the
frequency does not change with applied voltage.
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Figure 2-6. Microwave spectrum of the photomixer. The microwave intensity is -54 dBm and is limited by the

amount of optical power that can be dissipated in the photomixer. The relaxation oscillation sidebands that are
320 kHz from the main peak are suppressed by 40 dB from the principal microwave beat note.
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The laser we have built has eliminated these three problems while improving the short- and long-
term stability. Figure 2-6 shows the microwave spectrum, which indicates that the relaxation oscillation
is lower than the heterodyne signal by 40 dB. This relaxation oscillation is 3 orders of magnitude weaker
than that reported in [10] and may be the result of a more stable cavity, of less feedback to the pump
diode laser, and of more stable mode intensities since spatial hole burning occurs. The short-term (I ms)
frequency stability is 3 kHz.

The microwave tuning speed is higher using the electrooptic effect rather than the piezooptic
(stress) effect. Voltages for tuning in the frequency range from dc to 250 MHz gave uniform electrooptic
response [II]. The modulation bandwidth of 250 MHz was limited by the electronic circuit and could be
made significantly wider with a different high-frequency circuit. Indeed, in a single-frequency laser, good
electrooptic response out to 5 GHz has been obtained using an alternative circuit.

The specific location of the laser crystal within the cavity determines the frequencies of the two
orthogonally polarized modes. Selecting the modes in this way stabilizes the individual mode intensities,
which reduces the amplitude of relaxation oscillations and provides more stable microwave frequencies.

S. R. Henion
P. A. Schulz
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3. MATERIALS RESEARCH

3.1 MEASUREMENT OF RHEED OSCILLATIONS DURING MBE GROWTH OF GaAs ON
A ROTATING SUBSTRATE

Analysis of reflection high-energy electron diffraction (RHEED) intensity oscillations is one of the

most useful in situ techniques for the measurement and control of molecular beam epitaxy (MBE) growth

of a variety of materials [I ],[2]. Recently, the use of frequency-domain techniques has made it possible
not only to achieve a better understanding of well-resolved RHEED oscillations [3], but also to obtain
oscillation data for growth under conditions that make the conventional time-domain methods difficult

or impossible to apply [41,[5]. However, a major limitation of all previous RHEED oscillation analysis
methods is that substrate rotation, which is generally employed in order to improve uniformity of the
growing films and interfaces, must be stopped in order to obtain a fixed diffraction pattern from which
oscillation data can be obtained. We have now developed a technique that permits the acquisition of
RHEED oscillation data while the substrate continues to rotate, and we have used this technique in
experiments on the MBE growth of GaAs. The capability of performing RHEED analysis on rotating
substrates could lead to improvements in the quality of complex epitaxial structures and interfaces for

which interrupting rotation can have a deleterious effect.

A commercial 3-in. MBE system was used for GaAs growth. The GaAs substrates were chemically

cleaned and etched, mounted with In on Mo blocks, and heated in the growth chamber to accomplish
oxide desorption. Typical growth conditions were employed, including an As 4/Ga beam-equivalent
pressure of - 10, a growth rate of - I pm/h, and a substrate temperature of - 600'C.

A schematic diagram of the measurement system is shown in Figure 3-1. The RHEED image is
generated by a conventional RHEED gun operated at 8 kV, with the diffracted beam incident on a
phosphor screen. The image on the screen is captured with a video system consisting of a charge-coupled

device TV camera with RS-170 video output, a 16-MHz 80386-based desktop computer with an 8-bit
640 X 480-pixel frame grabber board, and a TV monitor. The frame grabber board can acquire an entire
image in 1/30 s, a capture rate that yields a flicker-free display of the image on the monitor. No
synchronization is required between the substrate rotational drive and the computerized video tracking

system, so a RHEED oscillation measurement can be initiated at any azimuth of substrate rotation, and
a standard video tape recorder can be used to store RHEED intensity data for subsequent analysis.

A significant task in developing the video analysis system was to devise a method for extracting

useful RHEED oscillation data from the video images captured by the frame grabber. Initially, it was
hoped that identifying and then tracking the diffracted intensity patterns associated with a specified set
of azimuths would make it possible to collect the needed oscillation information from selected points on

these patterns as they swept across the phosphor screen during substrate rotation. At normal rotation
speeds, however, the intervals during which no identified pattern was present on the screen were too great
to permit satisfactory analysis. Fortunately, it was found that tracking the region of diffracted intensity
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Figure 3-1. Schematic of video tracking and data analysis system.

generated by the specular reflection of the electron beam from the substrate surface permits useful
RHEED oscillation information to be extracted from the video data.

To track the region of specular reflection we tried three approaches. A single-pixel tracking method
was quickly abandoned because of the magnitude of the movement of the reflected beam due to nonplanar
bonding of the substrate, instabilities in the electron gun, and wobble in the mechanical components of
the azimuthal rotation apparatus. In addition, the spatial extent of the image of the reflected beam,
together with the limited dynamic range of the frame grabber board, made evaluation of the peak intensity
difficult. As a second approach, from the full video image we selected a rectangular subframe that
included the entire specular reflection, and the reflection was tracked by moving this subframe. However,
the computational overhead required to analyze the intensity data associated with the large numbers of
pixels contained in the subframe was so high that the processing rate dropped to - 5 frames/s. This rate
was too low to give enough data for accurately determining the oscillation frequency for growth at our
normal rotation rate of 10 rpm. In the successful approach, we selected a combination of 64 pixels in a
single horizontal row and 64 pixels in a single intersecting vertical column to track the region of specular
reflection. With these two lines of pixels, the position of the peak intensity of the specular reflection could
be accurately tracked.
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Because of the limited dynamic range of the frame grabber board, it is necessary to be able to
evaluate the peak intensity from data for lines of pixels of which one or more can have a saturated
intensity value. This task has been accomplished by fitting the intensity profile to a Gaussian function
and then estimating the peak intensity in the absence of saturation. With the combination of tracking and
intensity analysis, we are able to process video data at up to - 20 frames/s. This rate yields an uncertainty
of -1% in a growth rate of I jtm/h.

The intensity data extracted from the video system are analyzed by means of frequency-domain
techniques described previously [4]. For the rotational RHEED data, digital filtering must be performed
to remove spurious frequency components. A relatively wide bandpass filter, with a ±20% frequency
cutoff, was found adequate for this purpose. At present, the analysis is performed after all the data have
been collected. With improved computer hardware it should be possible to analyze the data in real time.

Figure 3-2 shows the power spectrum obtained by frequency-domain analysis of data for a nonrotating
GaAs sample that were taken with the video tracking system operating at - 20 frames/s, with a well-
resolved peak at 1.17 Hz. The time-domain data taken for the same sample at a rotation rate of 5 rpm
are represented in Figure 3-3. No oscillatory behavior is apparent. Figure 3-4 shows the power spectrum
of the data from Figure 3-3, with a peak at 1.15 Hz. The power spectrum obtained by frequency-domain
analysis of data taken for the same sample rotating at 10 rpm demonstrates a well-resolved central peak

of 1.17 Hz. Thus, for static, 5-rpm, and 10-rpm experiments, the extracted frequencies agree to within
2%.
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Figure 3-2. Power spectrum of RHEED intensity data for a nonrotating GaAs sample.
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Figure 3-3. RHEED intensity data for the same sample as in Figure 3-2 taken at a rotation rate of 5 rpm.
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Figure 3-4. Power spectrum of data from Figure 3-3.

It has previously been reported [6] that phase relationships of RHEED oscillations as a function of
azimuthal angle for GaAs growth are quite complex because of the interaction of multiple scattering
processes. It is somewhat surprising, therefore, that sufficient signal power of the fundamental oscillation
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frequency can be recovered to permit discrimination of this frequency from the other components that are
present. The details of the discrimination process should be investigated further.

G. W. Turner
A. J. Isles*

3.2 TIME AND TEMPERATURE DEPENDENCE OF PHOSPHORUS VAPOR PRESSURE

The vapor pressure values provided by some current suppliers of red P differ considerably from those
reported in the most recent study of the vapor pressure of red P, which was done by Bachmann and Buehler
in 1974 [7]. Furthermore, violent explosions have occurred during the synthesis of InP in sealed fused silica
ampoules even when the suppliers' data were used to estimate the P vapor pressure. To avoid such explosions,
we have developed a technique for accurately balancing the P pressure inside the sealed synthesis ampoule
with high-pressure Ar gas in a steel pressure vessel [8]. We have recently utilized the pressure balancing
apparatus and technique to investigate the time and temperature dependence of P vapor pressure.

Foreach run, a fused silica ampoule is loaded with red P, evacuated to 10-6 Torr, and sealed. The ampoule
is then inserted into a hollow copper cylinder, and this assembly is placed in a resistance-heated tube furnace
inside the steel pressure vessel, which can be pressurized with Ar gas Lip to 40 atm. Figure 3-5 is a schematic
cross-sectional diagram of the apparatus. A fused silica diaphragm is incorporated at one end of the silica
ampoule to sense the difference between the pressures inside and outside the ampoule, and two fused silica
arms are attached to the diaphragm. As the diaphragm flexes, the distance between the arms changes. A voltage
V that depends on this distance and therefore on the differential pressure is generated by means of two lirear
variable differential transformers (LVDTs), one mounted at the end of each arm.
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Figure 3-5. Schematic diagram of apparatus for measuring phosphorus pressure.

At the beginning of a run, with the ampoule evacuated and the pressure vessel filled with air at I atm, the
value of V, designated VI, corresponds to a differential pressure of I atm. The pressure vessel is then evacuated.
The new value of V, designated V0, is the pressure-balanced value. The sensitivity of the transducer is thus

*Author not at Lincoln Laboratory.
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(VI - V0 ) per atmosphere of differential pressure. The measured sensitivity has ranged from 2 to 10 V/atm. To
initiate a measurement run, the furnace is slowly heated to begin generating P4 vapor. and Ar is admitted to the
pressure vessel under manual control to balance the P pressure. To perform a ,' prcssure measurement, the Ar
pressure is adjusted to make V equal to V0 , so that the P pressure is giver by the Ar pressure.

Data obtained in heating runs on P samples from three suppliers are shown in Figure 3-6, where the
measured P pressure is plotted on a logarithmic scale as a function of reciprocal ab',!ute temperature. The
samples of materials I and 3 consisted of a number of millimeter-sized chunks, while the sample of material
2 was a single chunk weighing about 25 g. The heating curve for material I lies well below even the lowest
pressure-temperature curve reported by Bachmann and Buehler 17]. It is likely that the heating rates for this
material, which varied from -7°C/min at 400°C to - I °C/min at 500°C. were too rapid for sublimation to raise
the P pressure to the equilibrium values. The pressure values for material 2 are even lower than those for
material 1. Since the heating rates for material 2 were somewhat lower than those for material I, the
observation of lower pressures for material 2 probably resulted because the sample was a single large chunk
that had lower sublimation rates because of its smaller surface area.
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In a series of experiments to investigate the sublimation rate of red P more directly, a cube of material

2. measuring 2.2 cm on a side, was sealed into a 150-cm 3 ampoule. The temperature was first raised as rapidly

as possible to 460'C and then held constant until the P pressure became constant. More than an hour was
required for the pressure to reach 90% of its final value. The rate of pressure increase between I and 2 atm

corresponds to sublimation of about 4 x 1017 atoms cm- 2 s-I at this temperature. Similar experiments were
then performed at five additional temperatures up to 560'C. Even at the highest temperature, the time required

to reach the final pressure was more than 30 min. The final pressures measured at the six temperatures are
plotted in Figure 3-6. The three lower temperatuie points agree quite well with the data provided by the
supplier of this material, but the points at 540'C and above lie significantly higher. The pressure curve of

Bachmann and Buehler 7]7 for commercial amorphous red P lies about a factor of 2 higher .Ian that for the

data provided by the supplier of material 2 in 1991.

In a second experiment to estimate the rate of sublimation, a second cube of material 2 about 1.8 cm

on a side was sealed into another ampoule. In this case the temperature was raised as rapidly as possible to

540'C and then held constant. The measured pressure vs time is plotted in Figure 3-7. The rate of pressure
increase from 4 to 6 atm corresponds to sublimation of about 2 x 1018 atoms cm- 2 s-1.
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Data nearly identical to the cooling curve obtained for material I were reported for liquid white P by
Smits and Bokhorst in 1916 [9]. It is well known that liquid white P melts at 44°C and consists of tetrahedral
P4 molecules weakly bonded by van der Waals forces. It is also known that P vapor in a closed system in the
temperature range of our measurements consists almost entirely of P4 molecules. From this information,
together with the cooling curve for material 1, it is apparent that the stable P4 molecule in the vapor phase can

rapidly condense only on white P, not on either solid red P or the fused silica ampoule walls. When a closed
ampoule containing only solid red P and its vapor is cooled, the pressure therefore does not decrease (except
by the gas law) until the temperature reaches the equilibrium curve for white P.

The heating curve for material 3 exhibits an unexpectedly large and nearly constant pressure between

370 and 460'C. We propose that this material contained some white P, and that by the time the temperature
reached 370'C either the white phase had converted to red or the total quantity of white P had evaporated. In
either case the pressure would not be expected to increase further (except by the gas law) until the temperature
had reached the equilibrium red P vapor pressure curve, nor would it be expected to decrease since no solid
white P was present to permit rapid condensation.

The heating and cooling experiments demonstrate that the sublimation, condensation, and condensed-
phase transformation of P are subject to severe kinetic limitations. Because of these limitations, the P pressure
during InP synthesis in sealed ampoules can deviate greatly from the equilibrium pressure of amorphous red
P at the reservoir temperature. We believe that explosions occurring during synthesis are primarily caused by
deviations from equilibrium, not by sample-to-sample differences in the equilibrium vapor pressure. The
pressure-balanced synthesis technique overcomes problems due to such deviations.

G. W. Iseler
H. R. Clark, Jr.
D. F. Bliss*

*Author not at Lincoln Laboratory.
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4. SUBMICROMETER TECHNOLOGY

4.1 LASER-INDUCED DAMAGE IN PELLICLES AT 193 nm

The drive toward continually smaller features in semiconductor device fabrication has presented

ever more demanding challenges to photolithography. In response, photolithographic techniques have
expanded to include high-numerical-aperture projection optics, phase shifting masks, innovative illumi-
nation schemes, and a gradual shift to shorter wavelengths. Although the theoretical scaling of resolution
with wavelength favors a shift to 193 nm, several key issues need to be addressed before 193-nm

lithography is considered a practical technology. One of these issues is the long-term stability of the
various optical components upon prolonged irradiation with 193-nm photons. The combination of high
photon energy (6.4 eV) and the pulsed nature of the laser (which implies high peak powers) may cause
gradual changes to nominally transparent optical materials [I], optical coatings, and pellicles.

Here, we report on studies of 193-nm-induced damage to pellicles currently designed for 248-nm

use. We have exposed pellicles from DuPont and Exion, both materials having proprietary formulations.

Since the DuPont pellicles are based on a modified version of Teflon AF 1600, we have also performed
studies on thin films of Teflon AF 1600 spun on substrates of UV-grade fused silica. In all instances
radiation-induced changes were observed, with the pellicles ultimately being completely ruptured. A
quantitative analysis of these effects shows a nonlinear dependence on laser fluence, and this dependence

was used to estimate the useful lifetime of the peliicles in a 193-nm production environment.

In our experiments the 193-nm exposures were performed using a commercial laser at 150-Hz pulse

repetition rate and with pulses of 23 ns full width at half-maximum. Most of the exposures were per-

formed in air, after we determined that the rate of degradation did not change when the ambient was dry
nitrogen. Transmission spectra in the range 190-820 nm were taken at regular intervals, and the resulting
interference pattern was used to calculate the product of thickness and refractive index of the pellicle. The

contrast of the initial spectrum was used to calculate the index of refraction in the 500-800-nm region
(1.31) and hence the pellicle thickness. Although subsequent spectra showed reduced contrast, this change
was attributed to surface roughening due to inhomogeneities in laser intensity rather than to a decrease

in index of refraction. Confirmation was obtained from mechanical stylus profilometer scans on the
Teflon AF 1600 thin films on fused silica substrates. The average thickness obtained with stylus profilometry

agreed with that measured optically, indicating that the index was practically unaltered by the laser
exposure. The transmission spectra of the pellicles and thin films were therefore used to calculate the
respective thicknesses, using the constant-index approximation.

Figure 4-1 shows the evolution of the thickness of DuPont and Exion pellicles with increasing dose

at the fixed fluence of 5 mJ cm- 2/pulse. The two pellicles have different initial thicknesses, and they
probably differ also in chemical composition, but their behavior is quite similar: in the first stage the
thickness changes little, then the pellicle is gradually thinned at a rate approximately linear with the

cumulative dose, and finally it ruptures completely. This behavior at 193 nm should be contrasted with
no observable changes at 248 nm (I mJ cm- 2/pulse, l07 pulses) [2]. The number of laser pulses required
to rupture the pellicle is a convenient indicator of the laser-induced damage. In Figure 4-2 this number
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vs the laser fluence is plotted (on a log-log scale) for pellicles from DuPont and Exion with the initial
thicknesses indicated. The number of pulses required to rupture is inversely proportional to a power of
the fluence, the value of this power being - 1.7. It should be noted that our exposures were performed
at the relatively high fluence of 4 mJ cm 2-/pulse. In a commercial stepper or step-and-scan system
the fluence at the pellicle is expected to be much smaller. In fact, if the fluence at the wafer is

- I m cm 2-/pulse, a 4X reduction system with 50% transmission would imply 0.125 mJ cm- 2/pulse at
the mask and pellicle. Extrapolation of our results to those fluences indicates that rupture of the pellicle
would take place after l10°- 011 pulses. This number of pulses corresponds to more than 10 years of full-
time operation in a semiconductor production environment.
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Figure 4-1. Change in thickness of a DuPont and an Exion pellicle, exposed at 193 nm at a fluence of
5 mJ cm- 2/pulse.

The 193-nm-induced degradation of the pellicle material is apparently a photochemical bond scis-
sion process, in which oligomers of successively smaller length are formed and eventually volatile
products are generated. Since removal of oxygen from the ambient does not affect the rate of thinning,
the photochemical reaction is intrinsic to the molecular system. The power dependence of 1.7 in Figure
4-2 indicates that the coupling of laser power into the material is a combination of one-photon absorption,

which would have a power dependence of 1.0, and two-photon absorption with a respective dependence
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Figure 4-2. Logarithmic plot of the number of 193-nm pulses required to rupture a pellicle, for several fluences
in the range 4 to 100 mJ cm- 2/pulse. The pellicles tested were from DuPont (initial thickness 0.83 pm) and Exion
(initial thicknesses 1.18 and 3.26 pm). At the fluences expected at the mask in a stepper (- 0.1 mJ cm- 2/pulse), the
pellicles would rupture in ,0IO/04/ pulses.

of 2.0. Indeed, the DuPont pellicle exhibits a small amount of absorption (- 1-2%) at wavelengths below
- 200 nm, and the same is true of the Exion pellicles. Therefore, one-photon absorption may contribute
to the laser-induced damage at 193 nm, although a two-photon process plays a critical role as well.

The DuPont pellicles are made of material related to Teflon AF 1600, but the pellicle material has
a lower molecular weight (- 220 000 in the pellicle vs - 465 000 for Teflon AF 1600) and a lower glass
transition temperature [3]. The nature and distribution of polymeric end groups may also be different.
Keeping these differences in mind, we have performed a series of exposure studies on thin films of Teflon
AF 1600 spun on transparent fused silica substrates. The thicknesses of these films are in the range
0.2-2.2 pm. They do not show absorption at 193 nm. Nevertheless, they are thinned by laser irradiation
in much the same way as the pellicles. The thinning rate is proportional to the film thickness, and as
Figure 4-3 demonstrates, the evolution of the normalized thickness exhibits an exponential behavior with
increasing number of pulses, with the exponential coefficient varying with fluence. The dependence of
this coefficient on fluence is approximately quadratic, indicating a predominantly two-photon absorption
process. The radiation-induced damage in the DuPont and Exion pellicles proceeds - 10 times faster (at
a fixed fluence) than that in Teflon AF 1600 thin films. While a factor of 2 could be expected because
of the two exposed surfaces in pellicles vs the one in thin films, the extra factor of - 5 must be attributed
to the pellicle's lower molecular weight or its small amount of one-photon absorption.
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Figure 4-3. Evolution of the thickness of Teflon AF 1600 thin films on fused silica (normalized to their initial
thickness) with increasing number of 193-nm pulses, for the four fluences indicated.

The pellicles that we have tested were optimized for 248-nm operation. We expect that, if required,

specially optimized 193-nm pellicles with extended lifetimes can be made with relatively minor de-
viations from the corresponding 248-nm formulations.

M. Rothschild

J. H. C. Sedlacek

4.2 IONIC LIQUID-CHANNEL FIELD-EFFECT TRANSISTOR

A theoretical and experimental study was carried out on a new microfabricated device, an ionic
liquid-channel field-effect transistor (ILCFET) [4]. The work was conducted to determine the feasibility
of developing monolithic chemical analyzers for ions in solution. In these analyzers the ions are differ-

entiated by mobility. The ILCFET provides a starting point to fabricate, understand, and model the more
complex analyzers.

The ILCFET resembles a metal-oxide-semiconductor field-effect transistor (MOSFET), except that

the current flowing from the source to the drain is carried in thin channels by ions of a liquid electrolyte.
The gate voltage induces an electric field, transverse to the current flow, which controls the channel
conductance. Unlike MOSFETs, in which the channel conductance depends on one mobile charge carrier,
holes or electrons, the ILCFET channel conductance depends on the concentrations of both cations

(positively charged ions) and anions (negatively charged ions).

The ILCFETs are composed of polysilicon gate electrodes, metal source and drain electrodes, and
50 capillary channels extending from the source to the drain. Each channel is 10 pm wide, 0.088 pm thick,
and 300 pm long, and is defined by a shell of 50-nm-thick Si 3N4 coated with 30-nm-thick SiO 2. The two
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insulation layers form a barrier to both ions and electrons. A transverse cross section of a channel is
shown in Figure 4-4(a), and a longitudinal cross section through the center of the channel is illustrated
in Figure 4-4(b). The channels are formed by etching sacrificial amorphous silicon out of the channel.
Figure 4-5 shows 0.5-pm-thick channels just after the etch step. Using this technique we have achieved
length-to-thickness aspect ratios of 30 000 for channel lengths of 3 mm.

We have modeled the device in steady state and in response to a step in the gate voltage. The
channel conductance model assumes that the ions do not interact with the Si 3N4 surface, that there is no
fixed charge in the insulators or on the Si 3N4 surface, and that the ions are point charges. The steady-
state potential profile and distribution of ions in the channel across its thickness are determined by an
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Figure 4-4. (a) Transverse and (b) longitudinal cross sections of the ILCFET (not to scale).
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Figure 4-5. Scanning electron micrograph of two parallel open-air channels just after an etch of sacrificial

amorphous Si. The openings to the channels are the dark areas.

approximate analytical solution to the Poisson-Boltzmann equation 15]. This solution assumes that the
channel is filled with a symmetric electrolyte (one for which the charge state Izl is the same for the cation
and anion). With a positive bias on the gate, the majority ions are the anions. The potential profile and
net charge distribution of anions over cations, symmetric about the channel center, are highest at the
Si 3N4 surface and decay toward the channel center. From the ion distributions, one predicts the steady-
state channel conductance vs gate voltage curve to be an asymmetric V shape with the slope of each side
proportional to the mobility of the majority ion. A theoretical steady-state channel conductance curve is
shown in Figure 4-6 for an acid solution.

The transient response to a step in the gate voltage is modeled by charging of the gate capacitance
followed by slower ambipolar diffusion of ion pairs until the channel reaches steady state. Both processes
are described by the diffusion equation. The channel conductance will display a hysteresis effect, as
illustrated in Figure 4-6, if the gate voltage is stepped before the device reaches steady state. For our
devices, tested with glycerol solutions, the gate capacitance charges in about a minute. To reach steady
state through ambipolar diffusion takes - 100 timnes longer than to charge the gate capacitance, so the two
processes are treated as independent events.

The ILCFETs were tested with acid (1.8 x 10-3 M of H3BO3 ). base [8.9 x 10-4 M of (CH3)4NOHI, and
salt (5.9 x 10-4 M of KCI) solutions of glycerol in a nitrogen ambient. The gate charging current was measured
as a function of time and agreed with theory. For every solution tested the slopes of the channel conductance
vs gate voltage curve were typically 10-30 times less than predicted and there were > 20-Vshifts in the
conductance curves along the gate voltage axis. Figure 4-7 shows the experimental non-steady-state channel
conductance vs gate voltage curve for an acid solution. The hysteresis results from the fact that the devices,
because of slow ambipolar diffusion, are not in steady state. This can be compared with the theoretical non-
steady-state conductance curve in Figurc 4-6. which predicts the hysteresis for an acid solution.
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Our experiments indicated an unexpected positive shift of 20 V in the channel conductance vs gate
voltage curves, which could be explained by a fixed negative charge of 1.2 pC cm-2 on the Si3N4 surfaces.
Alternatively, differences between experiment and theory may be due to ions binding to the surface. Some
of the channel conductance transient response curves had inflections, which would not be present if just
ambipolar diffusion were acting. For purposes of developing the chemical analyzers, the most important
concept experimentally verified by the ILCFET was the ability of the gate voltage to control the channel ion
concentrations.

S. A. Gajar
M. W. Geis
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5. HIGH SPEED ELECTRONICS

5.1 DEFINITIVE IDENTIFICATION OF D- CENTERS IN GaAs QUANTUM WELLS
BY TILT-INDUCED LINE SPLITTING IN A MAGNETIC FIELD

D- centers, two-electron ions formed by attaching a second electron to a shallow hydrogenic donor
(DO), have proven more difficult to detect than the shallow donor centers themselves. Isolated D- centers
were found in bulk GaAs only in those rare n-type epitaxial samples that were simultaneously of high
purity and very low compensation [1]. Identification of this center in GaAs was first achieved by com-
paring theoretical predictions of its photoionization energy [2] with measured values as a function of
magnetic field.

Although shallow donors have been clearly identified in center-doped GaAs/AIGaAs quantum
wells by far-infrared (FIR) magnetospectroscopy [3], the D- center has proven more elusive. It is to be
expected that donor-doped GaAs quantum wells enclosed by n-type AIGaAs barriers should be rich in
electrons, a condition favoring D- formation. So far, however, no definitive evidence for such centers has
been adduced. This, it appears, is due partly to a fundamentally incorrect understanding of the nature of
the final states reached in D- optical transitions, partly to a lack of relevant theoretical calculations, and
partly to the fact that the D- transition energies in a limited range of magnetic field can coincide, more
or less, with those of donors located at a selected position in the well between the center and the barrier
edge. It is necessary to rule out the possibility that an observed line belongs to a donor before it can be
assigned with certainty to the D- center.

The experimental setup and sample employed in the present work are described in detail in [4].
Briefly, the spectral data are obtained by monitoring, as a function of swept magnetic field, the in-plane
photoconductivity of a center-doped GaAs/AIGaAs quantum-well sample (with no intentional barrier
doping) illuminated by FIR laser radiation. Data with a high signal-to-noise ratio are obtained.

In the present work the relative positions of three D- levels are identified in the FIR spectrum of
51-nm GaAs quantum wells. First, the separation of the ground-state level and the lowest excited M =
+1 level is studied, as in previous work, at e = 00, where 0 is the angle between the magnetic field and

the z direction. In this configuration, agreement between the calculated and observed transition energies
is found to be within 1 cm-1. Second, an anticrossing is induced between the lowest excited M = +1 level
and the lowest level of odd z parity by tilting the sample. (Wave functions that are odd functions of z
are defined to have odd z parity.) In the present study the data were taken at 9 = 160 and 310. Typical
data at these angles are shown in Figure 5-1. Good agreement is found between these measurements and
the theory for D- levels, as shown in Figure 5-2. The agreement is obtained, moreover, without the use
of any adjustable parameters.

Attempts were made to see if a location in the well could be found theoretically where a neutral
donor would have a is -4 2p+, behavior that replicates the data shown in Figure 5-2(a) and displays
anticrossings comparable to those in Figures 5-2(b) and 5-2(c). The infinite barrier model (V0 = oo) was
employed with the donor-excited-state calculation of [51, modified to be applicable to donors away from
the well center; this gives a best fit to the data of Figure 5-2(a) for a hypothetical spike in the
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concentration of donors located - IQ nm from th, center of the well. The best Is -- 2p+, transition curve
that was found deviates from the data by as much as ±4 cm I and is concave upward rather than concave
downward like the data. At 0 = 00, the nearest level to which the 2p,, donor level could couple by tilting

the sample is more than 4 cm a,.%ay from the 2p1, level at fields near those observed for level crossings.
Thus, no behavior resembling FitŽures 5-2(b) and 5-2(c) could be obtained from the .,nor transition

model.

E. R. Mueller* J. Waldman*
D. M. Larsen* W. D. Goodhue
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6. MICROELECTRONICS

6.1 DNA SEQUENCE DETECTION USING CHARGE-COUPLED DEVICES

A charge-coupled device (CCD) has been used to detect hybridization of a target DNA sequence
to probe DNA sequences. The CCD detects the presence of a radioisotope label attached to a target DNA

strand at sites where hybridization between the target and probe has occurred. This work is part of an

effort to establish an efficient method for the mapping of the human genome. A large-area, high-reso-
lution CCD to which many probes with different sequences have been attached provides a way to evaluate
many trial sequences in a very short time.

The DNA sequence decoding is done by the sequencing-by-hybridization method, i.e., by pairing
known synthetic probe sequences to an unknown target sequence and then determining which of the

probes have successfully hybridized [ 1]-[3] with the target. Binding of the probe and target occurs with

the greatest affinity at those sites where the probe sequence is exactly complementary to some portion
of the target sequence. Table 6-1 gives an example of a target and a set of probes. A 21-mer target is

compared to four different 9-mer probes. In this case, probe C is an exact complementary match to a
segment of the target G DNA and therefore should have the strongest binding to the target. The other

three probes vary only by one base from the target (a base is designated by a single letter as presented
in Table 6-1), and therefore this is a stressing test of the discrimination of the technique.

TABLE 6-1

Example of Sequencing by Hybridization*

Strand Label Sequence

Probe G 3'-ACTAGCGAT-5'

Probe A 3'-ACTAACGAT-5'

Probe C 3'-ACTACCGAT-5'

Probe T 3'-ACTATCGAT-5'

Target G 5'-TCAGGCTGATGGCTAAGTCCA-3'

*Probes G and A are complementary to probes C and T, respectively.

The pairing of the probe and target DNA to detect hybridization was done directly on the surface
of a CCD imager. For this example, probes with the four 9-mer sequences given in Table 6-1 were placed

on the CCD in separate quadrants of the 420 X 420 imaging array and covalently linked to the surface.
Each quadrant contained a 3.5-mm-diam dot of the probe DNA as conceptually shown in Figure 6-1.
Then, the target DNA containing the radioisotope label 3 2p was applied to the CCD surface. After
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allowing sufficient time for hybridization to occur, the CCD was washed to remove the unhybridized

target DNA. Figure 6-1 also shows the expected condition of DNA on the CCD surface after rinsing
where the target strands had attached to the shorter probe strands. The radioisotope was covalently

bonded at those sites where hybridization had occurred.
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DNA PROBES DNA PROBES

SYNTHETIC DNA PROBES SYNTHETIC DNA PROBES
WITH HYBRIDIZED PARTIAL DNA

SEQUENCE

(a) (b)

Figure 6-1. Implementation of sequencing by hybridization using a 420 X 420 imager, showing arrays of DNA
probes (a) before and (b) after hybridization.

The beta particle emitted by 32 P has an energy of about 1.7 MeV and is sufficient to create several

hundred thousand electron-hole pairs in the CCD silicon substrmie. Figure 6-2 shows a map of detected

photoelectrons vs pixel locatioi in the 420 X 420-pixel CCD imaging area. The bright areas in the map

indicate locations of collected charge. The four different probe sites are easily distinguished in the map,

illustrating that hybridization has occurred at all sites. The lower right-hand quadrant was the only site

that contained the exact complementary sequence to a segment of target DNA (probe C) and therefore
should have been the most active location, but this location showed the lowest apparent level of radio-
activity. In spite of this unexplained reversal of the expected radioactivity of the sites, the lower right-

hand site was well differentiated from the others. The relative activity levels of the four dots detected by

the CCD was independently confirmed using photographic film. Current work is aimed at repeating the
experiment to resolve the inconsistency.
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Figure 6-2. H'bridizaton inap generated bh" a CCD imager.
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7. ANALOG DEVICE TECHNOLOGY

7.1 MULTILAYER 12-GHz MICROSTRIP ANTENNA ARRAY WITH A HIGH-T,
SUPERCONDUCTING FEED NETWORK

High-T, superconductors have made it possible to fabricate transmission lines with extremely low
losses that operate at liquid nitrogen temperature. A particularly promising application is high-frequency
antenna arrays, in which a high-Tc superconducting feed network can be used to avoid the serious gain
reduction caused by ohmic losses in a normal-metal feed network [I]. The design, fabrication, and testing
of a 16-element (4 X 4) microstrip array with a superconducting feed network has been successfully
completed. The 16-element array operates at 12 GHz, and only the lower layer of the multilayer structure
must be cooled to 77 K.

As shown in Figure 7-1, the structure consists of three layers, which are from top to bottom a quartz
superstrate, a vacuum gap, and a LaAlO 3 substrate. The vacuum gap provides thermal insulation between
the cold LaAIO 3 layer (77 K) and the nominally room-temperature quartz layer. The quartz superstrate
acts as a cryostat window as well as supporting an upper layer of 2-prm-thick silver proximity-coupled
microstrip patches. Thus, the quartz layer must withstand the atmospheric pressure difference created by
the vacuum inside the cooling apparatus.

203691 39
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Figure 7-1. (a) Cross section of a single stacked patch in a superconductive microstrip antenna array. (b) Diagram

of the structure of the superconductive microstrip stacked-patch antenna array.
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A network of power dividers and lower microstrip patches was produced on the LaAIO 3 by pat-
terning a thin film of the high-TC superconductor YBa 2Cu 3O 7_, (YBCO). Standard photoresist processing
was used along with a spray etch of 0.25% phosphoric acid to define the feed network pattern in the
YBCO [2]. A 2-pm-thick silver ground plane was deposited on the bottom surface of the LaAIO 3. A silver
ohmic contact to the YBCO feed network was defined using liftoff of a photoresist trilayer consisting of
AZ 1470, a thin layer of titanium, and poly(methyl methacrylate), and was then annealed at 400'C to
establish a mechanically robust contact. Several 75-pm-wide aluminum ribbons were wedge bonded to
the ohmic contact and to the microwave connector.

Substrates such as LaAIO 3 with a high dielectric constant create a problem for microstrip arrays.
A standard single-layer patch antenna fabricated on LaAIO 3 with a low-temperature dielectric constant
of 23.5 would typically have a bandwidth of - 1%. The proximity-coupled patches are used because of
their broad-bandwidth scanning properties; the arrangement described here can have a bandwidth ap-
proaching 10%, even with the lower patches on LaAIO 3 substrates. Since most applications using microstrip
arrays require bandwidths of at least several percent, the proximity-coupled patches were a clear choice
for development. A multilayer inifinite-array dyadic Green's function was used along with the method
of moments to design the microstrip antennas and feed lines [3]. This approach models all mutual
coupling effects, including surface-wave resonances in large, scanning microstrip arrays.

Initially, measurements were made on elements in a cryogenic waveguide simulator, which experi-
mentally replicates an infinite-array environment. This method allowed the electrical characteristics of an
individual element to be examined without any external complications such as power dividers or feed
structures. As shown in Figure 7-2, the theoretical model accurately predicts the resonant frequency at

12 GHz, with a measured 2:1 voltage standing-wave ratio (VSWR) bandwidth of 8%.
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Figure 7-2. Input reflection coefficient vs frequency for superconducting YBCO elements in a cryogenic infinite-
array waveguide simulator. Bandwidth is measured using a 2:1 VSWR criterion.
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After successful tests of the elements in the waveguide simulator, the 16-element (4 x 4) array was
designed and fabricated with the lower-layer microstrip patches and feed network made from thin-film
superconducting YBCO. A photograph of the disassembled array is shown in Figure 7-3. Figure 7-4
shows measured far-field radiation patterns. Both patterns are highly symmetrical about broadside, as

203691-41

Figure 7-3. Silver upper radiator array (left) and YBCO lower feed array (right) of disassembled superconducting
microstri,' antenna array.
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Figure 7-4. Far-field radiation patterns of the superconducting YBCO microstrip array at 12 GHz. Both E- and
H-plane patterns were sufficiently symmetric that only half of each is shown on the left- and right-hand sides of
the figure, respectively.
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expected, since all elements were driven in phase to produce a main beam at broadside. Gain of - 15 dBi

(compared to isotopic) was measured by calibrating with a standard gain horn. These measurements
agreed with the calculated gain of 15.1 dBi.

Measurements have also been made on an array with a fixed main beam pointing 450 from broad-
side in the E-plane. This array verified the broad-bandwidth properties of the proximity-coupled patch
array with the main beam scanned far from broadside. Work is currently under way to develop phase
shifters that can be incorporated into the array to provide electronic scanning capability.
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